Introduction {#j_iss-2018-0008_s_001}
============

Radiofrequency ablation (RFA) is an important therapy option for the treatment of non-resectable malignant liver tumors \[[@j_iss-2018-0008_ref_001]\], \[[@j_iss-2018-0008_ref_002]\]. Electrical current administered through RFA applicators induces thermal heating of the target tissue around the applicator and therefore causes tumor necrosis \[[@j_iss-2018-0008_ref_003]\]. The vascular cooling effect ("heat sink") of adjacent liver vessels restricts the ablation size. A temporary hepatic inflow occlusion of both the hepatic artery and portal vein ("Pringle maneuver") can reduce vascular cooling effects in RFA \[[@j_iss-2018-0008_ref_004]\]. Higher local temperatures are observed when a Pringle maneuver is performed. Therefore, larger ablations can be achieved \[[@j_iss-2018-0008_ref_005]\]. However, temperatures \>100°C result in dehydration and carbonization of the target tissue. Carbonization leads to an increase in electrical resistance, which results in an electrical isolation of the tissue and a reduction of energy transmission. RFA is then limiting itself in regard to the ablation size \[[@j_iss-2018-0008_ref_006]\].

Internal cooling of radiofrequency applicators is used in some RFA devices to reduce ablation temperatures around the applicators and consequently prevent carbonization of the target tissue adjacent to the applicators \[[@j_iss-2018-0008_ref_006]\], \[[@j_iss-2018-0008_ref_007]\]. A similar effect may exist around hepatic vessels. Although a positive effect on ablation size could be demonstrated with a complete Pringle maneuver, no study has investigated the effect of an intermittent Pringle maneuver so far \[[@j_iss-2018-0008_ref_005]\]. An intermittent Pringle maneuver may lead to a more even distribution of thermal energy within the target tissue as carbonization of the tissue is reduced. Larger ablation volumes may result.

The objective of this study was to compare the impact of an intermittent hepatic inflow occlusion to that of a complete inflow occlusion and a no inflow occlusion in RFA *ex vivo*. Total ablation area and vascular cooling effects were evaluated.

Materials and methods {#j_iss-2018-0008_s_002}
=====================

Experimental setup {#j_iss-2018-0008_s_002_s_001}
------------------

Multipolar RFA was performed in porcine liver *ex vivo*. A multipolar radiofrequency generator (CelonLab POWER System; Olympus Surgical Technologies Europe, Hamburg, Germany) was used with three internally cooled bipolar applicators (CelonProSurge T-20, Olympus Surgical Technologies Europe). A triple peristaltic pump (CelonAquaflowIII, Olympus Surgical Technologies Europe) ensured the internal cooling of each applicator. Applicators were set parallel to each other at a distance of 20 mm ([Figure 1A](#j_iss-2018-0008_fig_001){ref-type="fig"}). A preinstalled resistance controlled automatic power mode regulated the energy delivery into the liver tissue. The starting power was set to 60 W (according to manufacturer specifications) \[[@j_iss-2018-0008_ref_008]\]. Ablations were stopped at an energy input of 40 kJ \[[@j_iss-2018-0008_ref_009]\]. A glass tube (hereafter referred to as "vessel") was used to simulate a natural liver vessel (inner/outer diameter: 3.4/5.0 mm). The vessel was set parallel to the applicators in the ablation center point. The vessel was perfused with water at room temperature with a peristaltic pump and a continuous flow rate of 100 mL/min (physiological parameters of a human with 70 kg: blood flow in the hepatic artery is 300 mL/min, blood flow in the portal vein is 1150 mL/min \[[@j_iss-2018-0008_ref_010]\]). In previous experiments, we could demonstrate that a cooling effect already occurs at a flow rate of 100 mL/min \[[@j_iss-2018-0008_ref_009]\]. Stopping the peristaltic pump simulated a Pringle maneuver. The test settings, which are specified above, corresponded to parameters that were established within our research group \[[@j_iss-2018-0008_ref_009]\], \[[@j_iss-2018-0008_ref_011]\], \[[@j_iss-2018-0008_ref_012]\].

![Experimental implementation of the *ex vivo* test series.\
(A) Three internally cooled bipolar radiofrequency applicators *(A)* were used in porcine livers *(L) ex vivo*.\
A perfused glass tube *(V)* was used to simulate a natural liver vessel. The glass tube was situated in the center of the ablations, running parallel to the applicators. (B) Ablations were cut into half, orthogonally to the applicators on the height of the isolators (located at the tip of the applicator). Ablation areas were measured (dotted line). (C) An annular segmental model (Seg 1--4, ...) with an adjustable segment width of "x" mm was used to compare ablations areas to an averaged mask (consisting of ablations with continuous Pringle maneuver reffered to as "ground truth"). Three areas have to be distinguished in analysis: (1) ablations are congruent ("*O*"); (2) an increase of ablation area compared to ground truth exists ("*R*"); and (3) the ablation is smaller than ground truth (cooling effects: "*C*").](iss-3-20180008-g001){#j_iss-2018-0008_fig_001}

The following abbreviations are used to visualize the different test settings ([Figure 2](#j_iss-2018-0008_fig_002){ref-type="fig"}):

![Test series with corresponding energy input.\
Five test series (n=5) were planned: (1) a continuous Pringle maneuver (V~p~); (2--4) intermittent Pringle maneuvers (V~1~--V~3~); and (5) no Pringle maneuver (V~4~). Total energy input was set to 40 kJ ("≈": perfusion; "≠": Pringle maneuver).](iss-3-20180008-g002){#j_iss-2018-0008_fig_002}

-   "≈": vascular flow,

-   "**≠**": no vascular flow (Pringle maneuver),

-   "**/**": alteration in perfusion ("flow→no flow"; respectively "no flow→flow").

Five experimental settings were planned with five ablations each ([Figure 2](#j_iss-2018-0008_fig_002){ref-type="fig"}). For each ablation, energy input was set to 40 kJ (respectively 4 equal units of 10 kJ or 2 equal units of 20 kJ):

-   V~p~: ≠≠≠≠ (continuous Pringle maneuver),

-   V~1~: ≠≠/≈≈ (intermittent Pringle maneuver: 20 kJ no flow/20 kJ flow),

-   V~2~: ≈≈/≠≠ (intermittent Pringle maneuver: 20 kJ flow/20 kJ no flow),

-   V~3~: ≈/≠/≈/≠ (intermittent Pringle maneuver: 10 kJ flow/10 kJ no flow/10 kJ flow/10 kJ no flow),

-   V~4~: ≈≈≈≈ (no Pringle maneuver).

Liver tissue was obtained from a slaughterhouse. Ablations were performed within 6 h after euthanasia of the animals at room temperature to minimize the effects of autolysis \[[@j_iss-2018-0008_ref_011]\]. The livers were randomly assigned to the experimental settings.

Analysis {#j_iss-2018-0008_s_002_s_002}
--------

Ablations were cut in half after ablation along a plane defined by the three isolators situated between the two electrodes, located at the tip of the applicators ([Figure 1B](#j_iss-2018-0008_fig_001){ref-type="fig"}). Deformations caused by the cutting process of the soft liver tissue were subsequently adjusted using a thin spline landmark registration \[[@j_iss-2018-0008_ref_013]\], \[[@j_iss-2018-0008_ref_014]\]. The ablation area as well as minimal and maximal ablation radii were measured within this plane \[[@j_iss-2018-0008_ref_015]\], \[[@j_iss-2018-0008_ref_016]\]. Ablations were compared to a geometrically averaged mask ("ground truth"), comprising the ablations without perfusion, where no cooling effects are expected. The impact of a (temporary) blood flow occlusion was analyzed with circular segments defined by the vessel as center point ([Figure 1C](#j_iss-2018-0008_fig_001){ref-type="fig"}). Segment width was set to 2.5 mm (equivalent to the vessel radius). Ablation areas were compared within each circular segment to the averaged ground truth mask \[[@j_iss-2018-0008_ref_009]\], \[[@j_iss-2018-0008_ref_014]\]. Three different cases can occur in this analysis:

-   Areas between ablation and ground truth are identical ([Figure 1C](#j_iss-2018-0008_fig_001){ref-type="fig"}: "*O*").

-   The ablation outreaches ground truth: the ablation area is larger than expected ([Figure 1C](#j_iss-2018-0008_fig_001){ref-type="fig"}: "*R*").

-   Ground truth outreaches the ablation: the ablation area is smaller than expected ("cooling effect"; [Figure 1C](#j_iss-2018-0008_fig_001){ref-type="fig"}: "*C*").

Statistical analysis {#j_iss-2018-0008_s_002_s_003}
--------------------

Analyses were conducted with a statistical software (SPSS version 20; SPSS Inc., Chicago, IL, USA). Data are expressed as median (minimum -- maximum). The Kruskal-Wallis test was used for comparisons between more than two independent groups; the Mann-Whitney U-test was used for two independent groups. The level of significance was 0.05 (two sided) for each statistical testing.

Results {#j_iss-2018-0008_s_003}
=======

A total of 25 ablations were performed in 10 porcine livers. [Figure 3](#j_iss-2018-0008_fig_003){ref-type="fig"} exemplarily shows cross sections of each experimental setting. All ablations led to rounded and homogeneous lesions. No difference in ablation area could macroscopically be observed between ablations with continuous and intermittent Pringle maneuver. However, a macroscopic small rim of native liver tissue could be detected immediately around the artificial vessel in all ablations of the test series without Pringle maneuver ([Figure 3](#j_iss-2018-0008_fig_003){ref-type="fig"}; V~4~ "→"). This "native" rim did not occur in ablations with continuous or intermittent Pringle maneuver (V~p~, V~1~--V~3~).

![Exemplary cross-sectional areas of all five test series.\
Homogeneous ablation areas could be observed in ablations in which a (temporary) Pringle maneuver was performed (V~p~, V~1~--V~3~). A vascular cooling effect is seen around the vessel in the test series with continuous perfusion (V~4~) (V, vessel; A, applicator).](iss-3-20180008-g003){#j_iss-2018-0008_fig_003}

The characteristics of the test series are presented in [Table 1](#j_iss-2018-0008_tab_001){ref-type="table"}. Five ablations without perfusion (V~p~ ≠≠≠≠) were carried out (cf. [Table 1](#j_iss-2018-0008_tab_001){ref-type="table"} and [Figure 3](#j_iss-2018-0008_fig_003){ref-type="fig"}). The geometrical averaged area of this experimental setting without any perfusion was 936 mm^2^. No difference in ablation area and ablation radius (minimum and maximum) could be observed between the five experimental settings (p\>0.05).

###### 

Mean values of ablation area and ablation radii (min--max) for each test setting.

                V~p~ (≠≠≠≠)       V~1~ (≠≠/≈≈)       V~2~ (≈≈/≠≠)      V~3~ (≈/≠/≈/≠)     V~4~ (≈≈≈≈)      p-Value
  ------------- ----------------- ------------------ ----------------- ------------------ ---------------- ---------
  Area, mm^2^   936 (812--1186)   1136 (878--1351)   953 (885--1141)   1058 (863--1194)   897 (795--935)   \>0.05
  R~min~, mm    14 (14--17)       15 (15--16)        17 (14--19)       16 (15--17)        13 (13--17)      \>0.05
  R~max~, mm    20 (19--23)       20 (19--22)        22 (19--22)       22 (20--22)        20 (17--21)      \>0.05

No differences in ablation area and ablation radius were observed between the five test series.

Additionally, ablation areas were measured within segments of 2.5 mm width to analyze the impact of vascular cooling effects with higher precision ([Figure 4](#j_iss-2018-0008_fig_004){ref-type="fig"}). A vascular cooling effect of almost 80% could be measured within 2.5 mm around the vessel in the test setting with continuous perfusion (V~4~ ≈≈≈≈). This cooling effect was not significant (p\>0.05). No significant cooling effects could be observed in the test settings with intermittent Pringle maneuver. Additionally, no change of complete ablation area could be discovered between a continuous Pringle maneuver and the test settings without perfusion in the beginning (V~1~ ≠≠/≈≈). However, an increase of ablation area was measured in the periphery of the ablations in the test settings with intermittent Pringle maneuver, starting without blood flow occlusion (V~2~ ≈≈/≠≠, V~3~ ≈/≠/≈/≠).

![A vascular cooling effect could be observed around the vessel in all ablations of the test series without Pringle maneuver (V~4~).\
However, this cooling effect was not significant (p\>0.05). An increase of ablation area could be observed on the margin of the ablations in the test series with intermittent Pringle maneuver, starting without hepatic inflow occlusion (V~1~--V~3~). In between 2.5 and 10.0 mm ("\~"), no change in ablation area could be observed between the five test series (\*, significant; ns., not significant; p\>0.05).](iss-3-20180008-g004){#j_iss-2018-0008_fig_004}

Discussion {#j_iss-2018-0008_s_004}
==========

In the actual study, we could demonstrate that an intermittent Pringle maneuver did not lead to smaller ablations compared to a continuous or even no Pringle maneuver *ex vivo*. Furthermore, an intermittent Pringle maneuver can increase the ablation area when initial hepatic inflow is succeeded by a Pringle maneuver.

No change of ablation area, minimal radius, and maximal radius could be observed between test series with continuous (V~p~), intermittent (V~1~--V~3~), or without (V~4~) Pringle maneuver in our *ex vivo* study. A small rim of native liver tissue was observed macroscopically around the vessel in the test series without Pringle maneuver (V~4~). This "cooling effect" was not significant, because its size was too small/inhomogeneous in comparison to the total ablation area. However, an increased risk for local tumor recurrence after RFA appears to be likely around the vessel in these cases. Therefore, a Pringle maneuver seems to be a reasonable method for ablations close to major hepatic vessels. No cooling effect was observed in the test series with intermittent Pringle maneuver. Although the study was performed *ex vivo*, it demonstrated that intermittent vascular inflow occlusion is not inferior to continuous inflow occlusion. Moreover, we could observe that an intermittent Pringle maneuver increases the ablation area in the periphery of the ablations. This occurs especially when an initial hepatic inflow is succeeded by a Pringle maneuver during the course of the ablation (V~2~, V~3~). High temperatures \>100°C within the ablation zone limit the efficiency of RFA due to dehydration and carbonization of the target tissue. An early carbonization of the tissue in the ablation center may be prevented by a persisting hepatic inflow in the beginning of an ablation. Residual tumor/liver tissue around major hepatic vessels may be finally destructed by a Pringle maneuver performed in the further course of an ablation. In summary, this so-called intermittent Pringle maneuver seems to ensure a more uniform distribution of thermal energy within the target tissue, resulting in larger ablation sizes. To our knowledge, no study examining the effect of an intermittent Pringle maneuver on hepatic RFA has been performed so far.

The effect of a Pringle maneuver in surgical hepatic resection has been controversially discussed in the literature. A Pringle maneuver is often used in patients with poor parenchymal conditions, larger tumors, or longer surgeries. A Pringle maneuver may have protective effects in surgical hepatic resection for high-risk cases by minimizing perioperative blood loss \[[@j_iss-2018-0008_ref_017]\]. In several clinical studies, no difference in perioperative complications, postoperative liver function, tumor recurrence, or overall survival could be shown between hepatic resection and a Pringle maneuver/an intermittent Pringle maneuver \[[@j_iss-2018-0008_ref_017]\], \[[@j_iss-2018-0008_ref_018]\], \[[@j_iss-2018-0008_ref_019]\], \[[@j_iss-2018-0008_ref_020]\], \[[@j_iss-2018-0008_ref_021]\]. However, an aggravation of gut barrier dysfunction with more aggressive translocation of endotoxins and intestinal bacteria has been described while performing a Pringle maneuver during RFA \[[@j_iss-2018-0008_ref_022]\]. In an *in vivo* study by Kim et al., a Pringle maneuver resulted in severe pathologic changes in the portal vein, bile ducts, and liver parenchyma surrounding the ablation zone. Therefore, a Pringle maneuver should be performed with caution to avoid unintended thermal injuries \[[@j_iss-2018-0008_ref_023]\]. An increased risk of ischemia-reperfusion injury was reported after RFA when performing a continuous Pringle maneuver *in vivo* \[[@j_iss-2018-0008_ref_024]\]. However, a prolonged Pringle maneuver may lead to undesired thermal injuries. Therefore, an intermittent Pringle maneuver can represent an opportunity to combine the advantages of a Pringle maneuver with the disadvantages of a prolonged hepatic inflow occlusion.

The limitations of our study are the lack of a tumor model and the simulation of a natural liver vessel with a glass tube. The evaluation of vascular cooling effects *in vivo* is challenging due to the complexity of the existing natural vascular hepatic blood supply \[[@j_iss-2018-0008_ref_025]\]. The cooling effect of a single hepatic vessel can hardly be estimated *in vivo*. Therefore, the study was performed with a glass tube that simulated a liver vessel to achieve a standardized setup. The isolating properties of the glass tube can be neglected, as it was situated outside of the electrical field of the applicators \[[@j_iss-2018-0008_ref_009]\], \[[@j_iss-2018-0008_ref_011]\], \[[@j_iss-2018-0008_ref_012]\], \[[@j_iss-2018-0008_ref_026]\]. Energy transmission took place at the position of the glass tube by direct temperature transfer. Glass has thermal properties that are similar to those of liver tissue and does not interfere with heat conduction \[[@j_iss-2018-0008_ref_011]\], \[[@j_iss-2018-0008_ref_026]\]. The thermal properties of the vascular wall itself were disregarded within this study. A standardized and reproducible test setting was used in our study. The perfusion of the glass tube was the only variable that was altered. Therefore, the impact of an intermittent Pringle maneuver could be exactly evaluated in this *ex vivo* model. The experiments were conducted at room temperature. Previous tests have demonstrated that a hepatic heat sink effect with similar extent to the heat sink effect at body temperature can occur at room temperature \[[@j_iss-2018-0008_ref_012]\]. Ablations were performed in native porcine liver due to a lack of an adequate porcine tumor model. Porcine liver tissue has physiological properties similar to those of human liver tissue \[[@j_iss-2018-0008_ref_027]\].

Our study suggests that an intermittent Pringle maneuver has a positive effect on RFA. In comparison to a continuous Pringle maneuver and to uninterrupted blood flow, an intermittent approach has favorable results regarding the ablation size. Functional disorders of the remnant liver may be reduced when performing an intermittent Pringle maneuver. *In vivo* experiments will be necessary to confirm the results of this *ex vivo* study.
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